Purpose: There is growing evidence implicating that neutrophil gelatinase-associated lipocalin (NGAL) plays a role in the development and progression of cancers. However, the effect of NGAL in colorectal carcinoma (CRC) has not been clearly elucidated. In this study, we investigated the role of NGAL in the tumorigenesis and progression of CRC and evaluated the clinical value of NGAL expression.
Introduction
Colorectal cancer (CRC) is the third-most common cancer in men (accounting for 10.0% of the total) and the second-most common cancer in women (accounting for 9.4% of the total) worldwide (1) . Moreover, CRC is the fourth-most common cause of cancer deaths, accounting for 8% of all cancer-related deaths (1) . Most CRCs undergo neoplastic progression through the adenoma-carcinoma sequence accompanied by an accumulation of successive genetic alterations (2) (3) (4) . Despite extensive research, many key factors and mechanisms underlying the colorectal adenoma-carcinoma sequence and the progression of CRC are still unknown. Even with improvements in surgical and therapeutic methods, especially molecularly targeted therapy, the 5-year survival rate still ranges from 96% for patients with stage I CRC to 5% for patients with stage IV CRC (5) . Therefore, characterizing novel molecular events involved in the development and progression of CRC would help elucidate its mechanisms and identify potential therapeutic targets.
Neutrophil gelatinase-associated lipocalin (NGAL), a member of the lipocalin superfamily, was first isolated as a 25-kDa glycoprotein covalently bound with matrix metalloproteinase 9 (MMP9) in human neutrophils (6, 7) . NGAL binds bacterial catecholate-type ferric siderophores and acts as a potent bacteriostatic agent by sequestering iron (8) . Although initially found in neutrophils, NGAL was later found to be expressed in most types of cells (especially epithelial cells) and to actively participate in the diverse processes of growth, development, and differentiation of many tissues (9) (10) (11) (12) (13) . Recently, deregulation of NGAL expression has also been reported to play a role in the development and progression of several cancers (14) (15) (16) (17) (18) (19) (20) . However, the reported effects of NGAL in human tumors are often contradictory. For instance, NGAL was shown to have a protumoral effect in breast (14) (15) (16) , stomach (17) , and esophageal cancers (18) . In contrast, some studies showed that NGAL exerted an antitumoral and antimetastatic effect in ovarian (19) and pancreatic cancers (20) .
For CRC, the expression and role of NGAL during the adenoma-carcinoma sequence have not been defined. Moreover, while most studies have shown that NGAL overexpression promoted the progression of CRC (21) (22) (23) , one study suggested that NGAL had an antimetastatic effect in colon cancer (24) . Thus, the role of NGAL in the initiation and progression of CRC needs to be further clarified to determine whether NGAL is a valuable marker for CRC prognosis and/or a potential target for therapy.
The purpose of our current study was to explore the role of NGAL in the tumorigenesis and progression of CRC and evaluate the clinical value of NGAL determination in tissues and plasma. We examined the expression of NGAL in 526 colorectal tissue samples (including histologically normal mucosa, adenomas with low-grade dysplasia, adenomas with high-grade dysplasia, and carcinomas), especially in 53 sets of matched specimens, to evaluate the role of NGAL in tumorigenesis of CRC. We analyzed the association of NGAL expression with clinicopathologic parameters and conducted survival analysis to assess the effects of NGAL on the progression of CRC. We also used xenograft mouse models to test the role of NGAL in the development and progression of CRC. In addition, we evaluated the prognostic value of NGAL expression in CRC tissues and the feasibility of using NGAL level in plasma as a biomarker that reflects disease progression for CRC patients.
Materials and Methods

Clinical samples
We obtained 526 formalin-fixed, paraffin-embedded colorectal tissue samples (including 287 carcinomas, 105 adenomas with low-grade dysplasia, 40 adenomas with high-grade dysplasia, and 94 samples of histologically normal mucosa which were distant from the corresponding cancer or adenoma tissues more than 5 cm) from the Department of Pathology at Tianjin Medical University Cancer Institute and Hospital. All of the samples were from inpatients undergoing surgical operation from January 2000 to December 2004, and none of the patients had received any chemotherapy or radiotherapy before operation. All of the specimens and clinical data (see Results) were collected after we received Institutional Review Board approval from Tianjin Medical University Cancer Institute and Hospital. Among those 526 colorectal tissue samples, there were 53 matched samples (159 specimens, including carcinomas, adenomas and histologically normal mucosa) that had been from 1 operation for each patient.
We also obtained blood samples from 39 inpatients with CRC at the Tianjin Medical University Cancer Institute and Hospital between January 2007 and December 2009. Age (AE5 years) frequency-matched controls with no evidence of cancer were recruited from donors who attended health screening in the Center of Health Examination in the same hospital during the same period. The study protocol was approved by the hospital's Institutional Review Board. All participants gave informed consent for the use of their samples for research purposes. Whole blood (10 mL) was drawn by vein puncture and collected into heparinized tubes and centrifuged at 1,380 Â g for 10 minutes. Plasma was aliquoted and stored at À80 C until analyzed.
Tissue microarray construction and immunohistochemical analysis
Tissue microarrays (TMA) were constructed using a manual tissue microarray instrument (Beecher Instruments) equipped with a 2.0-mm punch needle. Each TMA was composed of 48 tissue samples (8 Â 6 array), and 11 TMA blocks were prepared for the 526 colorectal tissue specimens. For each tissue sample, the typical area was selected on the basis of the appearance of original hematoxylin and eosin (H&E)-stained slides.
To carry out the immunohistochemical analysis, we used the streptavidin-biotin peroxidase (SP) method as described previously (25) . Briefly, after antigen retrieval for 3 minutes in 0.1 mol/L citrate buffer (pH 6.0) and subsequent incubation in 10% normal goat serum for 15 minutes at room temperature, we incubated the TMA sections overnight at 4 C with rat antihuman NGAL monoclonal antibody (25 mg/mL in PBS; R&D Systems). We then immunostained the TMA sections using the Histostain-SP Kit (Invitrogen) and revealed the signals using 3, 3 0 -diaminobenzidine as the substrate. For a positive control, we used a tissue section of colitis in which infiltrative
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The NGAL expression was analyzed only in histologically normal and neoplastic epithelial cells, not in stroma tissues. NGAL-positive samples were defined as those with brown staining in the cytoplasm. The results of NGAL immunohistochemical analysis were estimated according to the method described by Moniaux and colleagues (26) with some modifications. The staining intensity of NGAL was graded on a scale from 0 to 3 (0 for no staining, 1 for weak immunoreactivity, 2 for moderate immunoreactivity, and 3 for strong immunoreactivity) The percentage of immunoreactivity was scored on a scale from 0 to 3 (0 for no positive cells, 1 for <25% of cells positive, 2 for 25%-50% of cells positive, and 3 for >50% of cells positive). The staining intensity score and the percentage of immunoreactivity score were then multiplied to obtain a composite score (CS; 0, 1, 2, 3, 4, 6, or 9). Depending on the CS, NGAL expression was classified as negative (À; CS ¼ 0), weakly positive (þ; CS ¼ 1 or 2), moderately positive (þþ; CS ¼ 3 or 4), or intensely positive (þþþ; CS ¼ 6 or 9). In survival analysis, NGAL high expression was defined as (þþ) and (þþþ), whereas low expression was defined as (À) and (þ).
Determination of plasma NGAL levels by sandwich ELISA
We determined the concentration of NGAL in the plasma using the Lipocalin-2/NGAL Human ELISA Kit (BioVendor R&D) according to the manufacturer's instructions. Briefly, standards, quality controls, and samples were incubated on plates and precoated with the polyclonal antihuman NGAL antibody. Biotinylated polyclonal NGAL detection antibody was added and incubated for 1 hour. Finally, horseradish peroxidase (HRP)-conjugated streptavidin was added and results were obtained by measuring the absorbance at 450 nm in a microplate reader. The obtained data were expressed as ng/mL plasma.
Animal model experiments
In our previous study, we found that NGAL overexpression promoted the invasion of KM12C CRC cells in vitro (23) . In this study, we further determined the role of NGAL in CRC in vivo. Male 8-to 12-week-old athymic nude mice were purchased from the Animal Production Area of the National Cancer Institute at Frederick and fed a commercial diet, given water ad libitum and subjected to a 12-hour light-dark cycle. Our experimental protocol was approved by the Animal Care and Use Committee at The University of Texas MD Anderson Cancer Center.
The experimental animal model for cecal xenografts was established as previously described (27) with some modifications. Briefly, 3 groups of mice (n ¼ 5 per group) received intraperitoneal anesthesia (0.2 mL sodium pentobarbital at 9 mg/mL), and the abdomen of each mouse was prepared for sterile surgery. A small midabdominal incision was made, and the cecum was exteriorized and supported on sterile gauze. NGAL-overexpressing KM12C 10 5 cells in 50 mL of HBSS) were injected into the cecal wall of the nude mice using a 30-gauge needle. The cecum was reinternalized and the incision closed using 1 layer of wound clips. All mice were killed at 6 weeks after surgery because some mice were dying due to the tumor burden. After the body weight was recorded, the cecal tumors and livers were excised from each mouse, weighed, fixed in formalin, and embedded in paraffin. Then, the tissues were subjected to H&E and immunohistochemical staining.
An experimental animal model for liver metastasis of CRC cells was established as previously described (27) with some modifications. Briefly, we anesthetized 3 groups of mice (n ¼ 7 per group) as stated previously and lifted the spleen onto sterile gauze just outside the wound created by a left-center subcostal incision. We then injected KM12C, KM12C-Neo, or KM12C-NGAL cells (2.5 Â 10 5 cells in 50 mL of HBSS) into the spleen parenchyma. The spleen was returned to the abdominal cavity and the incision was closed in 1 layer with metal wound clips. At 4 months following the injection of the tumor cells, some mice were dying because of the tumor burden; therefore, all mice were killed and their body weight was recorded. We collected and processed spleen and liver tissues and subjected them to H&E staining.
Statistical analysis
Differences in NGAL immunohistochemical staining between groups were compared using c 2 or Fisher's exact tests in human samples. The correlation between NGAL expression and colorectal adenoma-carcinoma sequence was evaluated by calculating the Spearman rank correlation coefficient. Moreover, mean AE SD of human plasma NGAL levels and percentages of xenograft weight relative to total body weight in animal models were calculated, and differences in the means were analyzed using 1-way ANOVA or Student's t test. We also used the Kaplan-Meier method and the log-rank test in univariate survival analysis, and we used the Cox proportional hazards regression model in our multivariate analysis. We used SPSS version 16.0 (IBM) to conduct our statistical analysis. Two-tailed values of P < 0.05 were considered statistically significant.
Results
NGAL expression was elevated during the colorectal adenoma-carcinoma sequence
To examine the effects of NGAL expression during the initiation of CRC, we carried out immunohistochemical staining for NGAL using TMAs derived from 526 colorectal tissue specimens (see Materials and Methods). We observed significantly different NGAL expression during the colorectal adenoma-carcinoma sequence (P < 0.001; Table 1 ). In most histologically normal mucosa tissue samples, NGAL was absent (Fig. 1A and B and Table 1 ). Weak-tomoderate immunostaining for NGAL was detected mainly in the apocrine area in the adenomas with low-grade dysplasia ( Fig. 1C and D) . In the adenomas with high-grade dysplasia, NGAL showed a diffuse cytoplasmic expression pattern and was detected in more tumor cells than in adenomas with low-grade dysplasia ( Fig. 1E and F) . The most intense immunostaining for NGAL occurred in the carcinomas ( Fig. 1G and H) . Furthermore, a positive relationship existed between NGAL expression and the adenoma-carcinoma sequence (r s ¼ 0.66, P < 0.001).
Heterogeneity in baseline gene or protein expression existed among individuals; therefore, to gain a more definitive picture of NGAL expression in the adenoma-carcinoma sequence, we analyzed NGAL expression in the 53 sets of matched specimens (including histologically normal mucosa, adenomas, and carcinomas) obtained from 1 operation for each patient. Table 1 showed that NGAL expression levels increased consistently from normal mucosa to adenoma to carcinoma within individual patients. We also observed a positive correlation between NGAL expression and the adenoma-carcinoma sequence in these 53 sets of matched samples (r s ¼ 0.60, P < 0.001).
Increased NGAL levels were associated with advanced stages and poor prognosis in CRC Table 2 shows the relationships between NGAL expression and clinicopathologic parameters in the 287 CRC tissue samples. The expression of NGAL was significantly higher in advanced-stage carcinomas (stages III and IV) than in early-stage carcinomas (stages I and II). There was Table 1 . NGAL expression increased during the colorectal adenoma-carcinoma sequence no significant correlation between NGAL expression and the patients' gender, age, tumor location, tumor size, and tumor grade. Survival analysis showed that among the 227 CRC cases with a follow-up period longer than 5 years, 65 patients (28.6%) were alive at the end of the follow-up period, with a median survival time of 70 months (range: 60-102 months), and 162 patients (71.4%) had died as a result of CRC. The univariate analysis showed that the patients with high NGAL expression had worse overall survival time than did those patients with low NGAL expression (P ¼ 0.0004; Fig. 2A) . Because there was a correlation between NGAL expression and stage, we conducted univariate analysis for NGAL in patients with stage II, III, or IV CRC, respectively (only 1 patient had stage I CRC and so was excluded from this analysis). Figure 2B showed that in patients with stage II CRC, those with high NGAL expression had a shorter overall survival time than did patients with low NGAL expression (P ¼ 0.013). In patients with stages III and IV CRC, the overall survival time was not significantly different between patients with different NGAL expression (P ¼ 0.244 and P ¼ 0.185, respectively). The subsequent multivariate analysis revealed that high NGAL expression (HR ¼ 1.84, P ¼ 0.004), advanced cancer stage (HR ¼ 2.78, P < 0.001), and no chemotherapy (HR ¼ 2.06, P < 0.001) were independent indicators of poor prognosis for patients with CRC (Supplementary Table S1 ). For patients with stage II CRC, high NGAL expression (HR ¼ 2.13, P ¼ 0.004), tumors in the left side (HR ¼ 1.74, P ¼ 0.020), and no chemotherapy (HR ¼ 2.17, P ¼ 0.003) were adverse predictors for overall survival (Supplementary Table S2 ).
In the follow-up period, 18.0% (38 of 211) CRC patients of stages I to III had local or distant recurrence (Table 3 ). More patients with high NGAL expression were found to relapse, compared with those with low NGAL expression (P ¼ 0.073; Table 3 ). For CRC patients of stage II, there was a significant association between NGAL expression and recurrence (P ¼ 0.037; Table 3 ). The survival analysis for patients with stages I to III CRC showed a trend that the disease-free time was shorter in patients with high NGAL expression (P ¼ 0.062; Fig. 2C ). For stage II CRC, patients with high NGAL expression had worse disease-free survival than those with low NGAL expression (P ¼ 0.038; Fig. 2D ). The multivariate analysis showed that high NGAL expression (HR ¼ 5.88, P ¼ 0.021) and no chemotherapy (HR ¼ 4.98, P ¼ 0.009) were independent indicators of poor disease-free survival for patients with stage II CRC (Supplementary Table S2 ).
Given that NGAL is a secreted protein, we considered that NGAL could be detected in body fluids and might be associated with disease status. We investigated NGAL plasma levels in healthy adults and patients in different CRC stages using ELISA. Although plasma NGAL levels seemed to be higher in CRC patients than in healthy subjects, there was no significant difference between the 2 groups (t ¼ 0.94, P ¼ 0.352). Likewise, NGAL in the Supplementary Fig. S1A ); the patients with metastasis had higher plasma NGAL levels than did patients without metastasis (Supplementary Fig. S1B ). However, the differences were not statistically significant.
NGAL overexpression enhanced tumorigenesis and potentially increased liver metastasis of CRC cells in animal models
The aforementioned clinical correlation studies provided evidence that NGAL might be a protumorigenesis and prometastasis factor for CRC. Furthermore, NGAL overexpression was shown to promote cell invasion in KM12C CRC cells in our previous study (23) . To test further the role of NGAL in CRC, we carried out mouse xenograft experiments using 2 established mouse model systems.
In the first in vivo experiment, we injected NGAL overexpressing KM12C (KM12C-NGAL), vehicle control (KM12C-Neo), or parental control (KM12C) cells into the cecum of nude mice. Tumors grew in the wall of the cecum in every injected mouse, with poorly differentiated cancer cells infiltrating into the muscularis of the cecum (Fig. 3A) . Immunohistochemical staining for NGAL in xenografts showed that NGAL expression was higher in the tumors of the mice injected with KM12C-NGAL cells than in the mice injected with KM12C or KM12C-Neo cells (Fig. 3A) . The percentage of cecal tumor/body weight in the mice injected with KM12C-NGAL cells was significantly higher than that in the control groups (Fig. 3A) . However, no metastasis was found in any mouse in this experiment. To maximize our understanding of the effects of NGAL on metastasis, we next carried out intrasplenic injection experiment. As shown in Figure 3B , more tumor nodules were observed in the spleen of the mice injected with KM12C-NGAL (85.7%; 6 of 7) than in the mice injected with KM12C-Neo (28.6%; 2 of 7) or KM12C cells (42.9%; 3 of 7). For the mice with splenic tumors, the percentage of spleen/body weight was significantly higher in the group injected with the KM12C-NGAL cells than that in the control groups (Fig. 3B) . We observed liver metastasis in 1 mouse (14.3%; 1 of 7) injected with KM12C-NGAL cells.
In the mouse with liver metastasis, the CRC cells markedly destroyed the spleen and invaded splenic capsule, and there were massive liver metastases (15 nodules) and vascular invasion in the liver (Fig. 3C) . However, there was no visible metastasis in the groups injected with KM12C or KM12C-Neo cells.
Discussion
NGAL has been shown to be overexpressed in inflammatory bowel diseases and colorectal neoplasms (28); however, there has not been a study on NGAL expression in the colorectal adenoma-carcinoma sequence with a sample size large enough to explore the effect of NGAL expression on tumorigenesis of CRC. In this study, our examination of NGAL immunohistochemistry staining on 526 colorectal tissue specimens revealed a positive correlation between NGAL expression and the colorectal adenoma-carcinoma sequence. We also observed the same relationship between NGAL expression and the adenomacarcinoma sequence in 53 sets of matched colorectal specimens in which the influence of other factors (especially associated with heterogeneity among individuals) was reduced. This expression pattern suggests a role of NGAL in contributing to the tumorigenesis of CRC. In our succeeding animal model experiments, the xenografts in the cecum and spleen were heavier and more numerous in the group injected with NGAL-overexpressing CRC cells. Therefore, our data in the current study provide consistent evidence that NGAL overexpression plays an important role in colorectal tumorigenesis. Similarly, NGAL has been shown to be closely associated with the tumorigenesis of leukemia and breast cancers (16, (29) (30) (31) .
The second key observation from our present study was the expression pattern of NGAL during the progression of CRC. We observed that NGAL expression was significantly higher in advanced-stage CRCs, which is consistent with the finding of Zhang and colleagues that NGAL mRNA upregulation correlated significantly with advanced stages of rectal cancer (21) . Bousserouel and colleagues also found an increase of NGAL expression in advanced stages of CRC when they used a rat azoxymethane-induced colon carcinogenesis model to measure the gene expression profiles of biomarkers related to cancer progression (22) . In addition, our study showed that CRCs with high NGAL expression had more potential to relapse locally or distantly.
In the animal model experiments of the current study, the influence of NGAL on metastasis was relatively weak within the time frame of the experiments. There was no visible metastasis in the mice injected with KM12C or KM12C-Neo cells; however, we observed massive liver metastasis (15 nodules) in 1 mouse (14.3%) injected with NGAL overexpressing CRC cells. In the mouse with liver metastasis, the overexpressing NGAL CRC cells markedly destroyed the spleen and liver, invaded into splenic capsule and into vessels in the liver. This result is consistent with our previous in vitro study showing that NGAL overexpression enhanced invasion of the tumor cells (23) . NGAL was reported to covalently bind with MMP9 which plays an important role in the enzymatic digestion of the extracellular matrix and, therefore, in neoplastic invasion and metastasis (6, 7) . By forming the NGAL-MMP9 complex, NGAL can protect MMP9 from proteolytic degradation and trigger an enhancement of the enzymatic activity of MMP9, which might explain enhanced tumor invasiveness and extension (32) . The protumoral and prometastasis effect of NGAL by forming the NGAL-MMP9 complex has been shown in breast (14, 32) , stomach (17) , and esophageal cancers (33) . In addition, we showed NGAL decreased E-cadherin-mediated cell-cell adhesion and increased cell motility and invasion through Rac1 in CRC cells in our previous study (23) , which is another possible mechanism through which NGAL promotes tumorigenesis and progression of CRC. If we modify the in vivo experimental systems in future studies to allow for a longer observation time, we might detect a more potent prometastasis effect of NGAL overexpression. Our preliminary results from our mouse models, together with the large-scale human tissue analysis in the present study and the previously reported in vitro data, suggest that NGAL overexpression likely contributes to the progression of CRC.
Nevertheless, we point out that there are inconsistent and even contradictory reports on the role of NGAL in the development and progression of cancers. One study showed the suppression effect of NGAL on metastasis in colon cancer (24) . Likewise, there were different results about the influence of NGAL on metastasis of breast cancer in animal model experiments. Yang and colleagues observed that NGAL overexpression increased both local invasion and lymph node metastasis by injecting MCF-7 cells with different NGAL expression levels into the inguinal mammary fat pads of female nude mice (15) . Leng and colleagues found that the inhibition of NGAL impaired ErbB2-induced mammary tumor formation, and that tumor invasion and lymph node metastasis were significantly reduced in NGAL knockout mice injected with breast cancer cells (16) . However, another study reported that the loss of NGAL did not significantly reduce lung metastasis of breast cancer cells in transgenic mice initiated by mammary tumor virus polyoma middle T antigen (31) . NGAL likely interacts with different gene products in determining metastatic potential, which may explain seemingly different results about the role of NGAL in metastasis. NGAL was found to be strongly induced by NF-kB, an important factor involved in tumor growth and neoplastic development in both thyroid (34) and breast cancers (16, 35) . Recently, NGAL was shown to promote breast cancer progression by inducing epithelial to mesenchymal transition (EMT) through the estrogen receptor-Slug axis (15) . However, NGAL was shown to reduce cell adhesion and invasion [partly by suppressing focal adhesion kinase (FAK) activation] and to inhibit angiogenesis (partly by blocking VEGF production) in pancreatic cancer cells (20) . In ovarian cancer cells, NGAL was reported to be markedly reduced after induction of EMT by epidermal growth factor (EGF) and was negatively correlated with the degree of cellular spread (19) . Therefore, the effects of NGAL on the development and progression of tumors are likely tumor type-dependent and influenced by multiple mechanisms. More research is needed to further elucidate the function and mechanisms of NGAL in CRC and other cancers.
An exciting aspect of potential application of NGAL in cancer screening was shown by reports that NGAL concentration was elevated in the plasma/serum or urine of patients with breast cancer (14, 15, 36) . We thus evaluated whether NGAL might also be a useful plasma marker for CRC. However, we only observed higher plasma NGAL levels in patients with CRC than in healthy donors, and higher plasma NGAL levels in patients with advanced-stage CRC and with metastasis. However, the differences were not significant. Although a larger cohort of cases may reveal a stronger trend, the likelihood is small that NGAL could function as a robust plasma marker for CRC.
The prognostic value of NGAL expression in tumor cells is worth further evaluation. NGAL expression has been shown to be an indicator of poor prognosis in primary breast cancer (37) and esophageal squamous cell carcinoma (38) . Our multivariate analysis revealed that NGAL expression was an independent predictor for overall survival time of patients with CRC. Moreover, patients with high NGAL expression had a trend toward earlier local or distant recurrence. Therefore, the examination of NGAL expression in tumor cells may be useful for evaluating the prognosis of patients with CRC. At present, adjuvant chemotherapy remains controversial for patients with stage II CRC, in which neither lymph node nor distant metastasis was found (39) . In this study, stage II CRC patients with high NGAL expression had more probability to relapse. Furthermore, high NGAL expression was shown to be an adverse prognostic factor not only for worse overall survival but also for worse disease-free survival. Thus, the examination of NGAL expression may be helpful for identifying at-risk patients for individualized therapy.
In summary, our study of NGAL expression in a large set of clinical tissues and animal model experiments provides supporting evidence that NGAL contributes to the tumorigenesis and progression of CRC, which suggests that NGAL might be a potential therapeutic target for CRC. In addition, examining NGAL expression in tumor cells with immunohistochemical staining may prove to be a valuable approach for evaluating the prognosis of and determining suitable therapy for patients with CRC.
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